, but until now only an isolated vertebra has been described 9, 10 and it has therefore been overlooked in discussions of snake evolution. Here we report on previously undescribed material 11 from this ancient snake, including the maxilla, dentary and additional vertebrae. Coniophis is not an anilioid as previously thought 11 ; a revised phylogenetic analysis of Ophidia shows that it instead represents the most primitive known snake. Accordingly, its morphology and ecology are critical to understanding snake evolution. Coniophis occurs in a continental floodplain environment, consistent with a terrestrial rather than a marine origin; furthermore, its small size and reduced neural spines indicate fossorial habits, suggesting that snakes evolved from burrowing lizards. The skull is intermediate between that of lizards and snakes. Hooked teeth and an intramandibular joint indicate that Coniophis fed on relatively large, soft-bodied prey. However, the maxilla is firmly united with the skull, indicating an akinetic rostrum. Coniophis therefore represents a transitional snake, combining a snake-like body and a lizard-like head. Subsequent to the evolution of a serpentine body and carnivory, snakes evolved a highly specialized, kinetic skull, which was followed by a major adaptive radiation in the Early Cretaceous period. This pattern suggests that the kinetic skull was a key innovation that permitted the diversification of snakes.
By almost any standard, snakes are among the most successful vertebrate groups. Extant Serpentes are represented by almost 3,000 species exploiting a remarkable range of habitats and prey 1 . However, the origins of this radiation remain poorly understood. In particular, there is a longstanding controversy over whether the elongate body and reduced limbs of snakes evolved in a terrestrial setting 5, 6 , perhaps as an adaptation for burrowing, or in a marine environment [2] [3] [4] , as an adaptation for swimming. The stem snake Najash is terrestrial 5 , arguing against a marine origin, yet the animal's large size (,2 m in length 12 ) seems inconsistent with the hypothesis that snakes evolved from burrowing forms. Another problem concerns the evolution of the specialized feeding apparatus of snakes 8 . Extant snakes are primarily carnivores that feed on relatively large prey, a strategy facilitated by highly flexible jaws 1, 7, 8, 13 . However, fossils provide little information on the transition from the primitive, relatively inflexible skulls of other lizards to the derived, kinetic system of snakes 7 , or when this transition occurred in snake evolution.
Answers to these questions can only come from fossils, but the fossil record of snakes is highly incomplete. Early snakes are known mainly from vertebrae, which provide little information about snake evolution. Coniophis precedens, from the Maastrichtian stage of North America [9] [10] [11] , is one such species. Described by Marsh in 1892 from a single vertebra 9 , Coniophis has traditionally been identified as a primitive alethinophidian 14 , perhaps a pipe snake 11 (Aniliidae), although it has also been suggested that Coniophis represents a stem snake 15 . Jaw elements of Coniophis have a mosaic of derived, snake-like characters and primitive, lizard-like characters. Teeth are snake-like in being tall, pointed and cylindrical with a sharp basal hooking of the crown. This tooth shape is unique to snakes among squamates. Distinct carinae are present, as in Varanoidea and Mosasauroidea. Tooth bases are expanded; some bear striae but, unlike in Varanoidea and Madtsoiidae 16 , grooves do not extend into the pulp cavity. Each tooth has a basal nutrient foramen in the interdental position, as in other snakes and Anguimorpha. Tooth implantation is uniquely snake-like, with teeth attaching to shallow thecae separated by interdental ridges. However, unlike in alethinophidians, the thecae remain open lingually, and teeth lack extensive basal deposition of bone of attachment.
The dentary ( Fig. 1 ) is snake-like in being long, slender and bowed. It bears an enlarged mental foramen, which represents a snake autapomorphy. Caudally, the dentary is deeply notched to receive the surangular. This feature is unique to snakes and is associated with an intramandibular joint permitting the jaw to flex to expand the gape 8, 17, 18 . The subdental surface is deep anteriorly, as in snakes, but forms a thin lip posteriorly, which is a primitive feature not found in any snake, including the basal snakes Najash 12 and Dinilysia
19
. The angular process of the dentary does not wrap beneath the Meckelian fossa, a lizard-like feature otherwise seen only in Najash 12 among snakes. A facet along the back of the subdental ridge marks the splenial articulation.
The maxilla (Fig. 2 ) is low and medially curved as in other snakes, indicating a broad, U-shaped snout; a low facial process is present, as in Dinilysia 19 and Madtsoiidae 20, 21 . The maxilla is lizard-like, but differs from all other snakes in that it overlaps the premaxilla, producing an immobile contact. Coniophis also differs from other snakes in retaining a vomerine process that is distally expanded to articulate with the palate. The preserved narial margin indicates a small, unretracted external naris. Overlapping portions of the maxilla indicate at least nine labial foramina; other snakes have five at most. Dorsally, the facial process bears a groove for the nasal and a lappet for the prefrontal, indicating immobile contacts with these bones, in contrast to all other snakes. Medially, the nasolacrimal fossa is lost, but Coniophis retains a well-developed, lizard-like fossa for the nasal capsule. A distinct supradental shelf separates the facial process from the teeth, whereas this shelf is lost anteriorly in Serpentes. The superior alveolar foramen is lizard-like in opening dorsally, rather than medially as in Alethinophidia. The suborbital process bears a V-shaped notch for the jugal, unlike any known snake.
Coniophis vertebrae (Fig. 3) are common enough in the Lance Formation to allow characterization of the morphology along the snake's axial column. Snake-like zygosphenes and zygantra are developed throughout; the neural canal is snake-like in having an inverted trefoil outline, with longitudinal canals ventrolaterally. Condyles are taller than they are wide anteriorly and are depressed posteriorly, as in Scolecophidia, and lack the groove around the condyle seen in alethinophidians. Anterior vertebrae bear stubby hypapophyses, as in Dinilysia 22 and Najash
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, mid-trunk vertebrae bear a sharp keel and posterior vertebrae have a rounded ventral surface. Synapophyses are single-headed, as in lizards and Scolecophidia; they bear diagnostic deep, obovate paracotylar fossae. In middle and anterior vertebrae, synapophyses lie level with the ventral margin of the centrum, as in snakes; but in posterior vertebrae they lie above the centrum, as in lizards but no other snake. Prezygapophyseal processes are absent.
The neural arch is depressed, with a straight to weakly concave caudal margin, which is a primitive feature. The neural spine is reduced to a weak ridge terminating posteriorly in a tuberosity. On either side of the neural spine is a low mound corresponding to the dorsolateral ridges in Najash . A vertebra from the tail bears lymphapophyses for support of lymph hearts, as in other long-bodied squamates 23 , indicating that Coniophis had a serpentine body. 
RESEARCH LETTER
Phylogenetic analysis places Coniophis precedens as the sister to all known snakes. Similar topologies emerge whether we code Coniophis elements together or separately, add Amphisbaenia to the outgroup or use another matrix 18 entirely ( Supplementary Information, section 2 ). Numerous synapomorphies, including hooked teeth, interdental ridges, an intramandibular joint, an anteriorly deep subdental ridge, a reduced maxillary facial process, loss of the lacrimal fossa and zygosphene-zygantrum joints ( Supplementary Information, section 2 ), place Coniophis with Ophidia. However, the new skull material shows that Coniophis retains several strikingly primitive features absent from crown Serpentes, including a supradental shelf, a vomerine process and tight sutural contacts between the maxilla and the premaxilla, nasals, prefrontal and jugal. Six steps are required to place Coniophis in the crown, and 16 steps are needed to place Coniophis with anilioids.
As the most basal known snake, Coniophis precedens is important to reconstructing the origins of the distinctive ophidian body plan and the ecology of ancestral snakes. The proposed marine origin of snakes [2] [3] [4] suggests that basal snakes will occur in marine deposits. However, Coniophis occurs in continental floodplain sediments 11, 24 , as do other basal snakes 5, 25 . Coniophis also lacks adaptations for aquatic locomotion such as pachyostosis 2 , tall neural arches or ventrally placed synapophyses 24 . Instead, vertebrae have depressed neural arches with reduced neural spines, a feature shared with fossorial snakes 5 such as Scolecophidia and Anilioidea, and other burrowing squamates such as Amphisbaenia 26 . This, together with the relatively small size of Coniophis (on the basis of comparisons of centrum length with anilioids, we estimate the snout-vent length to be ,700 mm), implies a semifossorial or fossorial lifestyle. Coniophis therefore supports the hypothesis that the elongate body and reduced limbs of snakes evolved as burrowing adaptations.
Coniophis also offers insight into the evolution of snake feeding. The teeth of Coniophis are suited to piercing and holding soft-bodied prey; moreover, the intramandibular joint allows the jaws to flex to increase gape size 8, 17, 18 . Although it has been proposed that early snakes fed on invertebrates 1, 8 , taken together the tooth morphology, intramandibular joint and size of Coniophis suggest that it preyed upon small vertebrates. However, the maxilla lacks modifications permitting kinesis, and instead remained tightly bound to the premaxilla, vomer, nasal, prefrontal and jugal. Coniophis thus represents a functional chimaera, combining a snake-like body with a lizard-like head (Fig. 4) .
The picture that emerges for Coniophis is of a small, fossorial carnivore that preyed upon small vertebrates. Although vertebral Serpentes exhibits a maxilla-premaxilla joint (2), loss of maxilla-vomer contact (3), a nasofrontal joint (4), a maxilla-prefrontal joint (5), a mobile dentary symphysis (6) and an articular saddle joint (7) . Alethinophidia is characterized by a reduced postorbital bar (8) and a palatine-pterygoid hinge (9) . Macrostomata is characterized by a hinged supratemporal (10) . Characters 4* and 7* are unknown for either Coniophis or Najash. Stratigraphic data from ref. 18 .
LETTER RESEARCH
morphology suggests a degree of fossoriality, a vertebrate diet implies foraging above ground. Many basal Alethinophidia have a similar lifestyle 1 , and this ecology is probably ancestral for snakes. Later, snakes evolved a suite of adaptations that facilitated kinesis in the jaws and skull (Fig. 5) , allowing a wider range of prey to be swallowed 8 . Subsequently, snakes underwent an adaptive radiation in the Early Cretaceous (Fig. 5) . This radiation was well under way by the Cenomanian stage 27 , by which point snakes were represented by fossorial, Coniophis-like forms 28, 29 , freshwater Nigerophiidae 28 , marine Simoliophiidae 27 and the large-bodied, carnivorous Madtsoiidae 28 . According to the phylogeny presented here, the aquatic Simoliophiidae, the giant Madtsoiidae and the insectivorous Scolecophidia do not provide insight into stem snake ecology; instead they are specialized offshoots of this initial diversification. Coniophis therefore shows how the stepwise acquisition of key innovations culminated in a major adaptive radiation. The genesis of the Serpentes began with the evolution of a novel means of locomotion, followed by adaptations facilitating the ingestion of ever larger prey, thereby enabling snakes to exploit a wider range of ecological niches.
METHODS SUMMARY
To determine the phylogenetic position of Coniophis, we revised a recent phylogenetic analysis of snake morphology 19 , adding 61 characters to resolve the position of Coniophis and the overall tree topology. We follow that study in including Uropeltinae, Anomochilus and Cylindrophis in Uropeltidae 19 , although the monophyly of this assemblage is debated. The resulting matrix (Supplementary Information, section 4) includes 23 taxa and 215 characters ( Supplementary  Information, sections 2 and 3 ). Data were analysed using the branch-and-bound search algorithm of PAUP* 4.0 b10 (http://paup.csit.fsu.edu/). Three additional analyses were performed: an analysis examining the maxillae, dentary and vertebrae separately, along with two unnamed Maastrichtian snakes; an analysis including the amphisbaenian Rhineura floridana in the outgroup; and an analysis using another matrix 18 . All results support placement of Coniophis as a basal snake ( Supplementary Information, section 2) .
